Introduction
In order to predict the creep life of an actual component such as a pressure vessel, the influence of a mutiaxial stress state upon creep behavior should be considered. Thus, significant efforts have been made to establish the criterion to determine the multiaxial creep life. A couple of concepts have been developed to clarify the above issue. In the concept developed by Hayhurst 1) and Cane, 2) the maximum principal stresses and equivalent stress differently affected the creep behavior and the contribution of each stress to rupture life varies depending on materials. Al-abed et al. 3) examined the notched bar creep behavior of ferritic steels and found that rupture life of brittle Coarse Grained HAZ of 2.25Cr-1Mo steel was predominantly determined by the maximum principal stress. On the other hand, that of ductile parent material of 2.25Cr-1Mo steel was almost solely dependent on the equivalent stress. They ascribed the different dependence on each stress to the inherent ductility of material. Therefore, the material's response to a multiaxial stress state must be known for the life assessment. Considering the frequency of creep failures at the welds, the multiaxial creep behavior of the most vulnerable region, Intercritical HAZ (ICZ), is a high-priority theme.
To clarify the effect of a multiaxial stress state upon creep behavior, the creep test using a notched bar is the most accessible technique since it can be performed with a conventional creep machine. Thus, a code of practice was established by the European collaborative project 4) in order to derive the multiaxial rupture life (t rm ) by notched bar creep rupture testing. In that approach, t rm is correlated with uniaxial rupture life (t ru ) by the combination of the equivalent stress and the maximum principal stress or the equivalent stress and the hydrostatic stress.
However, the information on the multiaxial creep behavior of ICZ is rather limited. Thus, in this paper, the effect of triaxiality upon the rupture life and damage morphology at this particular microstructure have been investigated using the notched bars fabricated from service-exposed 1.25Cr-0.5Mo steel.
Experiments

Material and Specimens
The material examined was a 1.25Cr-0.5Mo steel pipe, which had been operated at approximately 500°C for 28 years in a refining plant. External diameter and thickness was 508 mm and 22 mm respectively. The hardness of asreceived parent material is 151 Hv. The chemical composition is shown in For the life assessment of an elevated temperature component under complex loading, the effect of a mutiaxial stress state upon creep behavior must be taken into account. From a practical point of view, quantifying the creep life of welds exposed to mutiaxial stresses should be the first priority since welds are often located at the change in geometry. For the components fabricated from low alloy ferritic steels, the most likely failure mode should be Type IV cracking taking place at Intercritical HAZ (ICZ).
Thus, the triaxiality effect upon the creep behavior of ICZ for 1.25Cr-0.5Mo steel was examined using semicircular notched specimens. Though grain boundary damage was accelerated when tested by notched specimens, all the notched specimens showed notch strengthening behavior. To quantify the effect of the equivalent stress and maximum principal stress, stresses given by a code of practice for notched bar creep rupture testing were correlated with rupture lives of notched specimens. It was found that the equivalent stress played a major role in determining the mutiaxial rupture life for ICZ.
The above finding suggests that the Monkman-Grant type relationship between rupture life and Q 4 of the theta projection, which was found in the uniaxial creep tests, could be also applicable to a multaxially stressed component since creep deformation is uniquely determined by the equivalent stress. As a matter of fact, the rupture lives of notched specimens were also well correlated with Q 4 . As a new scheme for the nondestructive life assessment, measuring the value of Q 4 , which is equivalent to the slope of strain rate versus strain at the tertiary creep regime, is considered to be potential. KEY WORDS: creep; multiaxial stress state; intercritical HAZ; theta projection; 1.25Cr-0.5Mo steel.
ties of as-received base metal and the microstructure at the Intercritical HAZ (ICZ), which was generated from parent material by giving the heat treatment described below, have been examined. Blanks for both types of specimens were removed from a portion, which was distant from the girth welds. The procedure to generate the ICZ microstructure was referred to the work by Eggeler et al. 5) Namely, base metal of an as-received pipe was heated to 850°C with 6 min and held at this temperature for 5 min, then cooled in air. Subsequently, simulated Post Weld Heat Treatment (PWHT) was performed at 700°C. Hardness before and after PWHT was 183 Hv and 152 Hv respectively. A plain creep specimen without notch for parent material was a cylindrical bar with 6 mm in diameter and 30 mm in gauge length. That for the simulated ICZ had the same diameter but shorter gauge length of 20 mm due to the limitation of a furnace for heat treatment. In addition, notched specimens shown in Fig. 1 were also machined from the simulated ICZ blanks following PWHT. The geometry of a specimen was referred to the European collaborative work aiming at establishing a code of practice for notched bar creep testing.
3) Hereinafter, notched bar radius of a parallel portion and notched bar radius at the notch root is denoted by b and a respectively. Notch root tip radius is termed NR. The notch depth ratio (b/a) and notch acuity ratio (a/NR) is 1.43 and 2.33 respectively. For the specimen with the specified geometry in the above code, empirical equations to derive stresses at the skeletal point, in which stresses become constant irrespective of materials' creep properties, were given. The constitutive creep equation applied to Finite Element Analysis to obtain above equations was the Norton's law. For the semicircular notched specimen with b/a of √ළ 2, each normalized stress at the skeletal point is expressed as a function of the notch acuity and given by, s e /s net ϭexpϪ{0.51ϫ(a/NR)/(1ϩ0.95ϫ(a/NR)} ... (1) where s e is the equivalent stress and s net is the net section stress, which is the load divided by initial cross-sectional area at the notch root plain. The equivalent stress is given by, (4) where C is the temperature function and n is the stress exponent for rupture life. The function C(T) should be expressed by,
where A is the constant and Q is the activation energy in kJ for creep rupture. Then, Eq. (4) is rewritten as,
Hence, time to rupture in a multiaxial stress state (t rm ) should be expressed by, (7) where 0ϽgϽn. The concept described above can be arranged to express the ratio of the multiaxial rupture life to the uniaxial rupture life using s 1 /s e by the Eq. (8) where tЈ ru is the rupture life corresponding to the skeletal equivalent stress.
Therefore, the value of g should be 0 when the equivalent stress is operative whereas that becomes n when the maximum principal stress is predominant.
Finite Element Analysis
Finite Element Analysis (FEA) using ABAQUS was performed to evaluate the effect of multiaxiality upon stress distribution across the notch throat since the above code of practice gives the only skeletal stresses. A notched specimen was modeled using axisymmetric 8-node, isoparametric, quadratic elements. The meshes for FEA, containing 1 447 elements, is shown in Fig. 2 .
The constitutive equation to describe a creep curve is the theta projection. In the theta projection, a creep curve is described by, eϭe p ϩe t ϭQ 1 (1Ϫexp(ϪQ 2 t))ϩQ 3 (exp(Q 4 t)Ϫ1).... (9) where e p is the strain at the primary creep stage, e t is the strain at the tertiary creep stage, Q 1 , Q 2 , Q 3 and Q 4 are constants depending on stress and temperature.
Thus, strain rate is given by, In the theta projection, the strain rate at the tertiary creep regime is assumed to be proportional to strain and its slope becomes Q 4 .
To correlate constants for the theta projection with stress A relatively good agreement between raw creep data and the predicted curve using the stress-temperature compensated constants by Eq. (11) is obtained for a plain specimen of simulated ICZ as shown in Fig. 3 .
In performing FEA, however, modification of Eq. (9) was required due to fast strain accumulation at the very beginning of the primary creep. Even though the time step for iterated calculations was reduced to 10 Ϫ4 h, the converged state was not reached. Therefore, the steady state stress was derived by negating the primary creep. The constitutive creep equation is expressed by Eq. (9-a). Since the ICZ in the current work didn't show remarkable primary creep behavior, the error associated with the above modification on the tertiary creep stage should be negligible as shown in Fig. 3. 
Creep Tests and Damage Morphologies
Creep tests were performed in air using constant load creep machines. Grain boundary damage was observed by means of optical microscopy. The feature of grain boundary damage prior to failure was also observed by interrupting a creep test for a notched specimen. The extent of strain concentration around the notch was examined by measuring the change in notch tip diameter (2NR) at an interruption and after ruptures.
Results
The Results of Finite Element Analysis
The equivalent stress and the maximum principal stress at the steady state, calculated using a FEA technique, are shown in Fig. 4 . Each stress is normalized by net section stress and r is the radial coordinate at notch plain (r/aϭ1 at the notch root). The calculated normalized stresses become almost identical independently of net section stress and temperature. For the comparison, the skeletal stresses given by a code of practice is also shown. From the uniform feature of the equivalent and maximum principal stress across the notch throat, the reasonable accuracy of the life assessment based on the skeletal stresses should be expected for a semicircular notched bar.
Creep Behavior of Plain Specimens
Creep properties of plain specimens are shown in Table  2 and Table 3 . In Fig. 5 , time to rupture for plain specimens is plotted using Larson-Miller Parameter (LMP) together with that for notched specimens. For the reference, the mean strength and lower boundary for virgin materials for normalized and tempered 1.25Cr-0.5Mo steel plates, NRIM 21B, 7) are also plotted. Stress for notched specimen is net section stress.
Although creep strength of parent material becomes slightly lower than that of simulated ICZ when tested at 80 MPa, the creep strength reverses at lower stresses. At the lowest stress of 40 MPa, the minimum value of LMP at failure lies below the lower boundary of virgin materials. The fracture mode for both parent material and the ICZ was transgranular. In Fig. 6 , cross-section of a failed simulated ICZ specimen (tested at 650°C and 40 MPa) is shown. No apparent grain boundary damage can be found. Thus, it is considered that the decrease in rupture life of simulated ICZ is caused by faster carbide coarsening 8) rather than grain boundary damage. In the previous work by Fujibayashi, 9) in which another service-exposed 1.25Cr- 0.5Mo steel was examined, higher susceptibility to grain boundary damage in a simulated ICZ microstructure was observed. In Fig. 7 , the feature of grain boundary damage in the above work, which was obtained in an identical test condition in terms of temperature, stress, heat treatment for generating the ICZ microstructure and specimen geometry, is shown. It should be noted that the time to rupture for the latter failed in an intergranular manner is longer than the present material with little grain boundary cavitation. In Fig. 8 , results of iso-stress tests at 40 MPa for simulated ICZ and parent material are shown together with those for notched specimens. Relatively large difference in the apparent activation energy between parent material and simulated ICZ specimens is observable. The apparent activation energy for parent material derived by Eq. (6) 529 kJ/mol and that for the simulated ICZ tested by plain specimens is 321 kJ/mol. Lower activation energy of simulated ICZ should result in the larger difference in rupture life between ICZ and parent material with temperature reduction. For example, expected life at 540°C and 40 MPa for parent material and ICZ becomes 2.24ϫ10 7 h and 1.92ϫ10 5 h respectively. In addition, it should be born in mind that corresponding LMP for the ICZ would significantly decay with decrease in temperature. In the above case, corresponding LMP at 650°C is 21 067, whereas that at 540°C will decline to 20 555. The equivalent life at 540°C to the former LMP becomes 81.8ϫ10 5 h, which is four times longer than that derived by iso-stress tests.
Thus, life estimation simply by extrapolating a TimeTemperature Parameter such as LMP could overestimate the time to Type IV failure for an actual component.
It is noteworthy that creep life could be quantified simply by measuring the Slope of Strain Rate Versus Strain (SSRVS) at the tertiary creep regime. It was pointed out by Kushima et al. 10) that Q 4 for the theta projection could be directly correlated with time to rupture. Afterwards, Fujibayashi 11) confirmed that the above relationship existed independently of materials, service histories and failure modes (transgranular and intergranular). In Fig. 9 , the relationship between Q 4 and time to rupture, which includes the results in the previous work for 1.25Cr-0.5Mo and 2.25Cr-1Mo steels by Fujibayashi, 11) is plotted. For the discussion in Sec. 3.3, that for notched specimens is also plotted. A number of heats and data for plain specimens shown in this figure is 16 and 85 respectively. A set of data is composed of virgin, service-exposed and simulated ICZ specimens. Despite a variety of histories, microstructures and difference in the susceptibility to grain boundary cavitation, all the data lie within a factor of 2 scatter band. It is considered that monitoring strain rate at the tertiary creep stage can be a potential technique for the life assessment since the value of Q 4 could be measured nondestructively. However, the usefulness of the above concept must be examined under a mutiaxial stress state, to which most high temperature components are exposed.
Creep Behavior of Notched Specimens
Test results for notched specimens are tabulated in Table  4 . In the current test conditions, all the notched specimens have broken in an intergranular manner. The cross-sectional feature of the final crack path is shown in Fig. 10 . The grain boundary damage distribution of notched specimens was fairly uniform across a notch root plain. Cavity density measured in a crept specimen, which was interrupted at life consumption Ϸ0.9, is 592 (n/mm 2 ) at the notch root. It gradually reduces inwards and became 436 (n/mm 2 ) in the center of a notch throat. The apparent difference in morphology of cavititation is a size of each cavity rather than a number in a unit area.
As shown in Fig. 5 and Fig. 8 , it is evident that simulated ICZ shows the notch strengthening behavior in the current test conditions. The role of the equivalent stress and the maximum principal stress in determining the rupture life of a notched specimen can be assessed by Eq. (8) . s e /s net and s 1 /s net at the skeletal point given by Eqs. (1) and (3) becomes 0.691 and 1.04 respectively. From Eq. (4), tЈ ru , which is corresponding to 0.691s net , can be derived. The relationship between t rm /tЈ ru and t rm is shown in Fig. 11 . The value of t rm /tЈ ru ranges from 0.649 to 1.06 and 0.88 in average. The value of g in Eq. (8) is close to 0. Thus, it can be interpreted that the creep life of simulated ICZ is mainly determined by the equivalent stress. It is interesting to note that good correlation between time to rupture and Q 4 is also observable in five test results using notched specimens as shown in Fig. 9. In Fig. 12 , strain rate for a notched specimen is plotted as a function of strain. Linear relationship between strain and strain rate is observed till approximately 90 % of life is consumed. Measured strain for a notched specimen is a combined value, which consists of the longitudinal strain component around a notch and that of a less stressed plain portion. Thus, the apparent Slope of Strain Rate Versus Strain (SSRVS app ) at the tertiary creep regime measured in gauge length should be described by the following.
where L n is the length ratio for a notched area, L pl is the length ratio for a plain area, De˙n is the increase in strain rate associated with infinitesimal strain growth of De n , De˙n is the increase in strain rate associated with De pl , Q 4n is the SSRVS at the notch root and Q 4pl is the SSRVS at a plain region. It was found that measured strain by an extensometer was concentrated around a notch by comparing the increase in 2NR, tip to tip distance of notch diameter, with total deformation in gauge length at an interruption and after ruptures as shown in Fig. 13 . Therefore,
Namely, it is suggested that SSRVS app represents the creep behavior at the notch throat and it is also available for the estimation of mutiaxial rupture life. It was confirmed by FEA that magnitude of the longitudinal principal strain was approximately the same as that of the equivalent strain.
Analogously to concentrated strain due to the geometry change, strain measurement across the welds would be also effective in detecting the concentrated damage within welds if the strain rate at the particular region like ICZ were significantly higher than that of others. From the significant difference in predicted life at 540°C between the ICZ and parent material, the concentrated strain buildup can be expected. In such a situation, the strain measurement across the welds might be representing the condition at the weakest ICZ.
Discussion
Although creep rupture life of the ICZ microstructure was extended by the presence of a semicircular notch in the current work, a notch weakening effect upon the ICZ was observed in the previous work using V-notched specimens by Fujibayashi et al. 12) In that work, 1.25Cr-0.5Mo steel weldment composed of a forged flange and normalized and tempered pipe was examined. Since the cross-weld specimens tended to fail at parent material on the pipe side in a ductile transgranular manner when tested by plain specimens, the spirally V-notched specimens were employed. They successfully promoted Type IV cracking as shown in Fig. 14 . In that case, creep life of parent material on the pipe side was increased by reduction in the equivalent stress. On the other hand, time to Type IV failure significantly decreased presumably due to the higher maximum principal stress acting at the notch root. The reason for the adverse response to a multiaxial stress state should be ascribed to low creep ductility of the flange ICZ and resultant damage distribution across the notch throat. The localized creep damage at the flange ICZ found in the specimen broken at pipe parent is shown in Fig. 15 . It is found that the extent of grain boundary damage sharply decreases towards the center of a notch plain. Considering the steep damage gradient at the notch root, time to rupture for a V-notched specimen might be consumed by crack initiation at the notch root and following crack propagation rather than uniform damage evolution over the notch throat. Therefore, it is inferred that the equivalent stress would play a key role in determining the time to Type IV failure when ICZ owned certain ductility to prevent localized crack initiation. As a matter of fact, no Type IV failure occurred at the ICZ on the pipe side that had higher ductility compared with the flange ICZ.
Summary
The following findings have been made in experimental works about a stress state effect upon the creep behavior of the simulated Intercritical HAZ (ICZ) generated from 1.25Cr-0.5Mo steel.
(1) Simulated ICZ of 1.25Cr-0.5Mo steel showed notch strengthening behavior when tested by semicircular notched specimens. The change in fracture mode, from transgranular to intergranular, associated with increased multiaxiality didn't reduce the rupture life of simulated ICZ.
(2) Due to smaller values of the apparent activation energy of simulated ICZ, the difference in rupture life between parent material and ICZ should be more pronounced with decrease in temperature. Thus, life prediction simply by extrapolating a Time-Temperature Parameter would be misleading for Type IV failure.
(3) Good agreement in skeletal stresses between code of practice for notched bar creep testing and FEA using the theta projection was observed. Since the calculated stresses for a semicircular notched specimen are uniformly distributed, skeletal stresses should be considered as the representative ones when examining the effect of a multiaxial stress state upon creep life.
(4) Q 4 in the theta projection was well correlated with multiaxial rupture life. It was suggested that strain rate measurement should be also effective for the component under multiaxial stresses.
(5) Even though notched specimens failed in an intergranular manner, the multiaxial rupture life for simulated ICZ in the present work was almost uniquely determined by the equivalent stress. The reason for the discrepancy between the present work and the previous one, in which Type IV failure was accelerated by a V-notch, should be attributable to early crack initiation at the notch root in the latter case. When an ICZ microstructure has got enough ductility accommodating to localized strain accumulation, the rupture life should be governed by the equivalent stress.
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